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In this paper, we design a quantum heat exchanger which converts heat into light on relatively
short quantum optical time scales. Our scheme takes advantage of heat transfer as well as collective
cavity-mediated laser cooling of an atomic gas inside a cavitating bubble. Laser cooling routinely
transfers individually trapped ions to nano-Kelvin temperatures for applications in quantum tech-
nology. The quantum heat exchanger which we propose here might be able to provide cooling rates
of the order of Kelvin temperatures per millisecond and is expected to find applications in micro
and nanotechnology.
PACS numbers:
I. INTRODUCTION
Since its discovery in 1975 [1, 2], laser cooling of in-
dividually trapped atomic particles has become a stan-
dard technique in quantum optics laboratories world-
wide [3, 4]. Rapidly oscillating electric fields can be
used to strongly confine charged particles, like single ions,
for relatively large amounts of time [5]. Moreover, laser
trapping provides unique means to control the dynamics
of neutral particles, like neutral atoms [6, 7]. To cool
single atomic particles, laser fields are applied which re-
move vibrational energy at high enough rates to trans-
fer them down to near absolute-zero temperatures [8].
Nowadays, ion traps are used to perform a wide range of
high-precision quantum optics experiments. For exam-
ple, individually trapped ions are at the heart of devices
with applications in quantum technology, like atomic and
optical clocks [9, 10], quantum computers [11–14], quan-
tum simulators [15, 16] and electric and magnetic field
sensors [17].
For laser cooling to be at its most efficient, the con-
finement of individually trapped particles should be so
strong that the quantum characteristics of their motion
is no longer negligible. This means, their vibrational en-
ergy is made up of energy quanta which have been named
phonons. When this applies, an externally applied laser
field not only affects the electronic states of a trapped
ion—it also changes its vibrational state. Ideally, laser
frequencies should be chosen such that the excitation of
the ion should be most likely accompanied by the loss
of a phonon. If the ion returns subsequently into its
ground state via the spontaneous emission of a photon,
its phonon state remains the same. Overall one phonon is
permanently lost form the system which implies cooling.
On average, every emitted photon lowers the vibrational
energy of the trapped ion by the energy of one phonon.
Eventually, the cooling process stops when the ion no
longer possesses any vibrational energy.
Currently, there are many different ways of designing
and fabricating ion traps [18, 19]. However, the main
requirements for the efficient conversion of vibrational
energy into light on relatively short quantum optical time
scales are always the same [20, 21]:
1. Individual atomic particles need to be so strongly
confined that the quantum character of their mo-
tion has to be taken into account. In the following,
ν denotes the phonon frequency and ~ν is the en-
ergy of a single phonon.
2. A laser field with a frequency ωL below the atomic
transition frequency ω0 needs to be applied. As
long as the laser detuning ∆ = ω0 − ωL and the
phonon frequency ν are comparable in size,
∆ ∼ ν , (1)
the excitation of an ion is more likely accompanied
by the annihilation of a phonon than by the cre-
ation of a phonon. Transitions which result in the
simultaneous excitation of an ion and the creation
of a phonon are possible but are less likely to occur
as long as their detuning is larger.
3. When excited, the confined atomic particle needs
to be able to emit a photon. In the following, we
denote its spontaneous decay rate by Γ. This rate
should not be much larger than ν,
ν ≥ Γ , (2)
so that the cooling laser couples efficiently to
atomic transitions. At the same time, Γ should
not be too small so that de-excitation of the ex-
cited atomic state happens often via the sponta-
neous emission of a photon.
Given these three conditions, the applied laser field re-
sults in the conversion of the vibrational energy of in-
dividually trapped ions into photons. As mentioned
already above, laser cooling can prepare individually
trapped atomic particles at low enough temperatures
for applications in high-precision quantum optics exper-
iments and in quantum technology.
In this paper, we ask the question whether laser cool-
ing could also have applications in micro and nanoscale
physics experiments. For example, nanotechnology deals
ar
X
iv
:2
00
3.
09
89
2v
1 
 [q
ua
nt-
ph
]  
22
 M
ar 
20
20
2with objects which have dimensions between 1 and 1000
nanometers and is well known for its applications in infor-
mation and communication technology, as well as sensing
and imaging. Increasing the speed at which information
can be processed and the sensitivity of sensors is usu-
ally achieved by reducing system dimensions. However,
smaller devices are usually more prone to heating as ther-
mal resistances increase [22]. Sometimes, large surface to
volume ratios can help to off-set this problem. Another
problem for nanoscale sensors is thermal noise. As sen-
sors are reduced in size, their signal to noise ratio usually
decreases and thus the thermal energy of the system can
limit device sensitivity [23]. Therefore thermal consider-
ations have to be taken into account and large vacuums
or compact heat exchangers have already become an in-
tegral part of nanotechnology devices.
Usually, heat exchangers in micro and nanotechnol-
ogy rely on fluid flow [24]. In this paper, we propose
an alternative approach. More concretely, we propose to
use heat transfer as well as a variation of laser cooling,
namely cavity-mediated collective laser cooling [25–29],
to lower the temperature of a small device. As illustrated
in Fig. 1, the proposed quantum heat exchanger mainly
consist of a liquid which contains a large number of cav-
itating bubbles filled with noble gas atoms. Transduc-
ers constantly change the radius of these bubbles which
should resemble optical cavities when they reach their
minimum radius during bubble collapse phases. At this
point, a continuously applied external laser field rapidly
transfers vibrational energy of the atoms into light. If
the surrounding liquid contains many cavitating bubbles,
their surface area becomes relatively large and there can
be a very efficient exchange of heat between the inside
and the outside of cavitating bubbles. Any removal of
thermal energy from the trapped atomic gas inside bub-
bles should eventually result in the cooling of the sur-
rounding liquid and of the surface area of the device on
which it is placed.
In this paper, we emphasise that cavitating bubbles
can provide all of the above listed requirements for laser
cooling, especially, a very strong confinement of atomic
particles, like nitrogen [30, 31]. For example, calculations
based on a variation of the Rayleigh-Plesset equations
show that the pressure at the location of a cavitating
bubble can be significantly larger than the externally ap-
plied driving pressure [32]. However the strongest indi-
cation for the presence of phonon modes with sufficiently
large frequencies for laser cooling to work comes from the
fact that sonoluminescence experiments are well-known
for converting sound into relatively large amounts of ther-
mal energy, while producing light in the optical regime
[33–35]. During this process, the atomic gas inside a cav-
itating bubbles can reach very high temperatures [36, 37]
which hints at very strong couplings between electronic
and vibrational degrees of freedom. In addition, the sur-
faces of cavitating bubbles can become opaque during the
bubble collapse phase [38], thereby creating a spherical
optical cavity [39, 40] which is an essential requirement
cavitating bubbles 
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FIG. 1: Schematic view of the proposed quantum heat ex-
changer. It consists of a liquid in close contact with the area
which we want to cool. The liquid should contain cavitating
bubbles which are filled with atomic particles, like Nitrogen,
and should be driven by sounds waves and laser light. The
purpose of the sound waves is to constantly change bubble
sizes. The purpose of the laser is to convert thermal energy
during bubble collapse phases into light.
for cavity-mediated collective laser cooling.
To initiate the cooling process, an appropriately de-
tuned laser field needs to be applied in addition to the
transducers which confine the bubbles with sound waves.
Although sonoluminescence has been studied in great
detail and the idea of applying laser fields to cavitat-
ing bubbles is not new [41], not enough is known about
the relevant quantum properties, like phonon frequen-
cies. Hence we cannot predict realistic cooling rates for
the experimental setup shown in Fig. 1. A crude esti-
mate which borrows data from different, already avail-
able experiments suggests that it might be possible to
achieve cooling rates of the order of Kelvin temperatures
per millisecond for volumes of liquid on a cubic microm-
eter scale. Cavitating bubbles already have applications
in sonochemistry, where they are used to provide energy
for chemical reactions [42]. Here we propose to exploit
the atom-phonon interactions in sonoluminescence exper-
iments for laser cooling. In the presence of an appropri-
ately detuned laser field, we expect other, highly-detuned
heating processes to become secondary.
There are five sections in this paper. The purpose
of Section II is to provide an introduction to cavity-
mediated collective laser cooling of an atomic gas. As we
shall see below, this technique is a variation of standard
laser cooling techniques for individually trapped atomic
particles. We provide an overview of the experimental
requirements and estimate achievable cooling rates. Sec-
tion III studies the effect of thermalisation for a large
collection of atoms with elastic collisions. Section IV
reviews the main design principles of a quantum heat ex-
changer for nanotechnology. Finally, we summarise our
findings in Section V.
3FIG. 2: (a) Schematic view of the experimental setup for laser cooling of a single trapped ion. Here |g〉 and |e〉 denote the
ground and the excited state of the ion, respectively, with transition frequency ω0 and spontaneous decay rate Γ. The motion
of the particle is strongly confined by an external harmonic trapping potential such that it quantum nature can no longer be
neglected. Here, ν denotes the frequency of the corresponding phonon mode and ωL is the frequency of the applied cooling
laser. (b) The purpose of the laser is to excite the ion, while annihilating a phonon, thereby causing transitions between the
basis states |x,m〉 with x = g, e and m = 0, 1, . . . of the atom-phonon system. If the excitation of the ion is followed by the
spontaneous emission of a photon, a phonon is permanently lost which implies cooling.
II. CAVITY-MEDIATED COLLECTIVE LASER
COOLING
In this section, we first have a closer look at a standard
laser cooling technique for an individually trapped atomic
particle [20, 21]. Afterwards, we review cavity-mediated
laser cooling of a single atom [43–47] and of an atomic
gas [27–29].
A. Laser cooling of individually trapped particles
Fig. 2(a) shows a single two-level atom (or ion) with
external laser driving inside an approximately harmonic
trapping potential. Most importantly, the atom should
be so strongly confined that its phonon states are no
longer negligible. In the following, ν denotes the fre-
quency of the energy quanta in the vibrational energy of
the atomic particle and |m〉 is a vibrational state with
exactly m phonons. Moreover, |g〉 and |e〉 denote the
ground and the excited electronic state of the trapped
particle with energy separation ~ω0. Fig. 2(b) shows the
energy level of the combined atom-phonon system with
the energy eigenstates |x,m〉.
To lower the temperature of the atom, the frequency
ωL of the cooling laser needs to be below its transition
frequency ω0. Ideally the laser detuning ∆ = ω0 − ωL
equals the phonon frequency ν (cf. Eq. (1)). In addition,
the spontaneous decay rate Γ of the excited atomic state
should not exceed ν (cf. Eq. (2)). When both conditions
apply, the cooling laser couples most strongly, i.e. res-
onantly and efficiently, to transitions for which the ex-
citation of the atom is accompanied by the simultane-
ously annihilation of a phonon. All other transitions are
strongly detuned. Moreover, the spontaneous emission
of a photon only affects the electronic but not the vibra-
tional states of the atom. Hence, the spontaneous emis-
sion of a photon usually indicates the loss of one phonon.
Suppose the atom was initially prepared in a state |g,m〉.
Then its final state equals |g,m − 1〉. One phonon has
been permanently removed from the system which im-
plies cooling. As illustrated in Fig. 2(b), the trapped
particle eventually reaches its ground state |g, 0〉 where
it no longer experiences the cooling due to off-resonant
driving [20, 21].
To a very good approximation, the Hamiltonian of the
atom-phonon system equals [21]
HI = ~g
(
σ−b† + σ+b
)
(3)
in the interaction picture with respect to its free energy.
Here g denotes the (real) atom-phonon coupling constant,
while σ+ = |e〉〈g| and σ− = |g〉〈e| are atomic rising and
lowering operators. Moreover, b and b† are phonon anni-
hilation and creation operators with [b, b†] = 1. To take
into account the spontaneous emission of photons from
the excited state of the atom with decay rate Γ, we de-
scribe the atom-phonon system in the following by its
density matrix ρI(t) with
ρ˙I = − i~ [HI, ρI]
+Γ
(
σ− ρI σ+ − 1
2
σ+σ− ρI − 1
2
ρI σ
+σ−
)
. (4)
This equation can be used to analyse the dynamics of
the expectation value 〈AI〉 = Tr(AIρI) of observables AI,
since it implies
〈A˙I〉 = − i~ [AI, HI]
+Γ
〈
σ+AI σ
− − 1
2
AI σ
+σ− − 1
2
σ+σ−AI
〉
. (5)
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FIG. 3: (a) Schematic view of the experimental setup for cavity-mediated laser cooling of a single atom. The main difference
between this setup and the setup shown in Fig. 2 is that the atom now couples in addition to an optical cavity with frequency
ωcav and the spontaneous decay rate κ. Here both the cavity field and the laser are highly detuned from the atomic transition
and the direct excitation of the atom remains negligible. However the cavity detuning ∆cav = ωcav − ωL should equal the
phonon frequency of the trapped particle. (b) As a result, only the annihilation of a phonon accompanied by the simultaneous
creation of a cavity photon are in resonance. In cavity-mediated laser cooling, the purpose of the laser is to convert phonons
into cavity photons. The subsequent loss of this photon via spontaneous emission results the permanent loss of a phonon and
therefore in the cooling of the trapped particle.
Here we are especially interested in the dynamics of the
mean phonon number m = 〈b†b〉. In order to obtain a
closed set of rate equations, we also need to study the
dynamics of the population of the excited atomic state
s = 〈σ+σ−〉 and the dynamics of the atom-phonon co-
herence k1 = i 〈σ−b†−σ+b〉. Using Eq. (5), one can show
that
m˙ = −g k1 ,
s˙ = g k1 − Γ s ,
k˙1 = 2g(m− s)− 4gms− 1
2
Γ k1 (6)
when assuming that 〈σ+σ−b†b〉 = 〈σ+σ−〉〈b†b〉 = ms to
a very good approximation. Having a closer look at the
above equations, we see that the system rapidly reaches
its stationary state with m = s = k1 = 0. Eventu-
ally, the atom reaches a very low temperature. More
detailed calculations reveal that the final phonon m of
the trapped atom depends on its system parameters but
remains small as long as the ratio Γ/ν is sufficiently small
[21]. The above cooling equations (6) also show that the
corresponding cooling rate equals
γstandard1 atom = g
2/Γ (7)
to a very good approximation and that the cooling pro-
cess takes place not on mechanical but on relatively short
quantum optical time scales.
B. Cavity-mediated laser cooling of a single atom
Suppose we want to cool a single atom whose transition
frequency ω0 is well above the optical regime, i.e. much
larger than typical laser frequencies ωL. In this case, it
is impossible to realise the condition ∆ ∼ ν in Eq. (1).
Hence it might seem impossible to lower the temperature
of the atom via laser cooling. To overcome this problem,
we confine the particle in the following inside an optical
resonator (cf. Fig. 3) and denote the cavity state with ex-
actly n photons by |n〉. Using this notation, the energy
eigenstates of the atom-phonon-photon systems can be
written as |x,m, n〉. Moreover, ν is again the phonon fre-
quency, κ denotes the spontaneous cavity decay rate and
ωL and ωcav denote the laser and the cavity frequency,
respectively.
In the experimental setup in Fig. 3, all transitions
which result in the excitation of the atom are natu-
rally strongly detuned and can be neglected. However,
the same does not have to apply to indirect couplings
which result in the direct conversion of phonons into
cavity photons [28, 45]. Suppose the cavity detuning
∆cav = ωcav − ωL and the phonon frequency ν are ap-
proximately the same and the cavity decay rate κ does
not exceed ν,
∆cav ∼ ν and ν ≥ κ , (8)
in analogy to Eqs. (1) and (2). Then two-step transi-
tions which excite the atom while annihilating a phonon
immediately followed by the de-excitation of the atom
while creating a cavity photon become resonant and
dominate the dynamics of the atom-phonon-photon sys-
tem. The overall effect of these two-step transitions is
the direct conversion of a phonon into a cavity photon,
while the atom remains essentially in its ground state
(cf. Fig. 3(b)). When a cavity photon subsequently leaks
into the environment, the phonon is permanently lost.
To model the above described dynamics, we describe
the experimental setup in Fig. 3 in the following by the
interaction Hamiltonian [45, 46]
HI = ~geff
(
bc† + b†c
)
, (9)
5where geff denotes the effective atom-cavity coupling con-
stant and where c with [c, c†] = 1 is the cavity photon
annihilation operator. Since the atom remains essentially
in its ground state, its spontaneous photon emission re-
mains negligible. To model the possible leakage photons
through the cavity mirrors, we employ again a master
equation. Doing so, the time derivative of the density
matrix ρI(t) of the phonon-photon system equals
ρ˙I = − i~ [HI, ρI] + κ
(
cρIc
† − 1
2
c†cρI − 1
2
ρIc
†c
)
(10)
in the interaction picture. Hence, expectation values
〈AI〉 = Tr(AIρI) of phonon-photon observables AI evolve
such that
〈A˙I〉 = − i~ [AI, HI] + κ
〈
c†AI c− 1
2
AI c
†c− 1
2
c†cAI
〉
,
(11)
in analogy to Eq. (5). In the following, we use this
equation to study the dynamics of the phonon number
m = 〈b†b〉, the photon number n = 〈c†c〉 and the phonon-
photon coherence k1 = i〈bc† − b†c〉. Proceeding as de-
scribed in the previous subsection, we now obtain the
rate equations
m˙ = geffk1 ,
n˙ = −geffk1 − κn ,
k˙1 = 2geff(n−m)− 1
2
κk1 . (12)
These describe the continuous conversion of phonons into
cavity photons which subsequently escape the system.
Hence it is not surprising to find that the stationary
state of the atom-phonon-photon system corresponds to
m = n = k1 = 0. Independent of its initial state, the
atom again reaches a very low temperature. In analogy
to Eq. (7), the effective cooling rate for cavity-mediated
laser cooling is now given by [45, 46]
γ1 atom = g
2
eff/κ . (13)
Due to the resonant coupling being indirect, geff is in gen-
eral a few orders of magnitude smaller than g in Eq. (7),
if the spontaneous decay rates κ and Γ are of similar
size. Cooling a single atom inside an optical resonator
might therefore take significantly longer. However, as
we shall see below, this reduction in cooling rate can be
compensated for by the collective enhancement of the
atom-cavity interaction constant geff [27].
C. Cavity-mediated collective laser cooling of an
atomic gas
Finally we have a closer look at cavity-mediated col-
lective laser cooling of an atomic gas inside an optical
resonator [27, 28]. To do so, we replace the single atom
in the experimental setup in Fig. 3 by a collection of N
atoms. In analogy to Eq. (9), the interaction Hamilto-
nian HI between phonons and cavity photons now equals
HI =
N∑
i=1
~g(i)eff
(
bic
† + b†i c
)
, (14)
where g
(i)
eff denotes the effective atom-cavity coupling con-
stant of atom i. This coupling constant is essentially the
same as geff in Eq. (13) and depends in general on the
position of atom i. Moreover bi denotes the phonon anni-
hilation operator of atom i with [bi, b
†
j ] = δij . In order to
simplify the above Hamiltonian, we introduce a collective
phonon annihilation operator B,
B =
∑N
i=1 g
(i)
eff bi
g˜eff
with g˜eff =
(
N∑
i=1
|g(i)eff |2
)1/2
, (15)
with [B,B†] = 1. Using this notation, HI in Eq. (14)
simplifies to
HI = ~g˜eff
(
Bc† +B†c
)
. (16)
Notice that the effective coupling constant g˜eff scales as
the square root of the number of atoms N inside the cav-
ity. For example, if all atomic particles couple equally to
the cavity field with a coupling constant geff ≡ g(i)eff , then
g˜eff =
√
N geff . This means, in case of many atoms, the
effective phonon-photon coupling is collectively enhanced
[27].
When comparing HI in Eq. (9) with HI in Eq. (14),
we see that both Hamiltonians are essentially the same.
Moreover the density matrix ρI obeys the master equa-
tion in Eq. (10) in both cases. Hence we expect the same
cooling dynamics in the one atom and in the many atom
case. Suppose all atoms experience the same atom-cavity
coupling constant geff , the effective cooling rate of the
common vibrational mode B becomes
γN atoms = Ng
2
eff/κ , (17)
in analogy to Eq. (13). This cooling rate is N times larger
than the cooling rate which we predicted in the previous
subsection for cavity-mediated laser cooling of a single
atom. Using sufficiently large number of atoms N , it is
therefore possible to realise cooling rates γN atoms with
γN atoms  γstandard1 atom . (18)
This suggests that the cooling rate of cavity-mediated
laser cooling, i.e. the rate of change of the mean number
n of B phonons in the system, is comparable and might
even exceed the cooling rates of standard laser cooling of
single trapped ions.
However, the above discussion also shows that cavity-
mediated collective laser cooling only removes phonons
from a single common vibrational mode B, while all other
vibrational modes of the atomic gas do not experience the
6FIG. 4: Schematic view of the expected dynamics of the
temperature of the atomic gas during cavity-mediated collec-
tive laser cooling which involves a sequence of cooling stages
(blue) and thermalisation stages (pink). During thermalisa-
tion stages, heat is transferred from the different vibrational
degrees of freedoms of the atoms into a certain collective vi-
brational mode B, while the mean temperature of the atoms
remains the same. During cooling stages, energy from the
B mode into light. Eventually, the atomic gas becomes very
cold.
cooling laser. Once the B mode reaches its stationary
state, the conversion of thermal energy into light stops.
To nevertheless take advantage of the relatively high cool-
ing rates of cavity-mediated collective laser cooling, an
additional mechanism is needed [28, 29]. As we shall see
in the next section, one way of transferring energy be-
tween different vibrational modes is to intersperse cool-
ing stages with thermalisation stages (cf. Fig. 4). The
purpose of the cooling stages is to rapidly remove energy
from the system. The purpose of subsequent thermali-
sation stages is to transfer energy from the surroundings
of the bubble and from the different vibrational modes
of the atoms into the B mode. Repeating thermalisation
and cooling stages is expected to result in the cooling of
the whole setup in Fig. 1.
III. THERMALISATION OF AN ATOMIC GAS
WITH ELASTIC COLLISIONS
Thermalisation stages occur naturally in cavitating
bubbles between collapse stages due to elastic collisions.
As we shall see below, these transfer an atomic gas into
its thermal state, thereby re-distributing energy between
all if its vibrational degrees of freedom. During bubble
expansions, the phonon frequencies of the atoms become
very small. It is therefore safe to assume that the atoms
do not see the cooling laser during thermalisation stages.
A. The thermal state of a single harmonic
oscillator
As in the previous section, we first consider a single
trapped atom inside a harmonic trapping potential. Its
thermal state equals [48]
ρ =
1
Z
e−βH with Z = Tr(e−βH) , (19)
where H is the relevant harmonic oscillator Hamiltonian,
β = 1/kBT is the thermal Lagrange parameter for a given
temperature T , kB is Boltzmann’s constant and Z de-
notes the partition function which normalises the density
matrix ρ of the atom. For sufficiently large atomic tran-
sition frequencies ω0, the thermal state of the atom is to
a very good approximation given by its ground state |g〉,
unless the atom becomes very hot. In the following, we
therefore neglect its electronic degrees of freedom. Hence
the Hamiltonian H in Eq. (19) equals
H = ~ν
(
b†b+ 12
)
, (20)
where ν and b denote again the frequency and the annihi-
lation operator of a single phonon. Combining Eqs. (19)
and (20), we find that [48]
Z =
e−
1
2λ
1− e−λ . (21)
with λ = β~ν. Here we are especially interested in the
expectation value of the thermal energy of the vibrational
mode of the trapped atom which equals 〈H〉 = Tr(Hρ).
Hence using Eq. (19), one can show that
〈H〉 = 1
Z
Tr
(
He−βH
)
= − 1
Z
∂
∂β
Z = − ∂
∂β
lnZ . (22)
Finally, combining this result with Eq. (21), we find that
〈H〉 = ~ν
(
e−λ
e−λ − 1 +
1
2
)
(23)
which is Planck’s expression for the average energy of a
single quantum harmonic oscillator. Moreover,
m =
e−λ
e−λ − 1 , (24)
since the mean phonon number m = 〈b†b〉 relates to 〈H〉
via m = 〈H〉/~ν − 12 .
B. The thermal state of many atoms with collisions
Next we calculate the thermal state of a strongly con-
fined atomic gas with strong elastic collisions. This situ-
ation has many similarities with the situation considered
in the previous subsection. The atoms constantly collide
with their respective neighbours which further increases
the confinement of the individual particles. Hence we
assume in the following that the atoms no longer expe-
rience the phonon frequency ν but an increased phonon
frequency νeff . If all atoms experience approximately the
same interaction, their Hamiltonian H equals
H =
N∑
i=1
~
(
νeff +
1
2
)
b†i bi (25)
7to a very good approximation. Here bi denotes again the
phonon annihilation operator of atom i. Comparing this
Hamiltonian with the harmonic oscillator Hamiltonian in
Eq. (20) and substituting H in Eq. (25) into Eq. (19) to
obtain the thermal state of many atoms, we find that
this thermal state is simply the product of the thermal
states of the individual atoms. All atoms have the same
thermal state, their mean phonon number mi = 〈b†i bi〉
equals
mi =
e−λeff
e−λeff − 1 (26)
with λeff = ~νeff/kBT , in analogy to Eq. (24). This equa-
tion shows that any previously depleted collective vibra-
tional mode of the atoms becomes re-populated during
thermalisation stages.
IV. A QUANTUM HEAT EXCHANGER WITH
CAVITATING BUBBLES
As pointed out in Section I, the aim of this paper is
to design a quantum heat exchanger for nanotechnology.
The proposed experimental setup consists of a liquid on
top of the device which we aim to keep cool, a transducer
and a cooling laser (cf. Fig. 1). The transducer generates
cavitating bubbles which need to contain atomic parti-
cles and whose diameters need to change very rapidly in
time. The purpose of the cooling laser is to stimulate the
conversion of heat into light. The cooling of the atomic
particles inside cavitating bubbles subsequently aids the
cooling of the liquid which surrounds the bubbles and its
environment via adiabatic heat transfers.
To gain a better understanding of the experimen-
tal setup in Fig. 1, Section IV A describes the main
characteristics of single bubble sonoluminescence exper-
iments [33–37]. Section IV B emphasises that there are
many similarities between sonoluminescence and quan-
tum optics experiments [30, 31]. From this we con-
clude that sonoluminescence experiments naturally pro-
vide the main ingredients for the implementation of
cavity-mediated collective laser cooling of an atomic gas
[27–29]. Finally, in Sections IV C and IV D, we have a
closer look at the physics of the proposed quantum heat
exchanger and estimate cooling rates.
A. Single bubble sonoluminescence experiments
Sonoluminescence can be defined as a phenomenon of
strong light emission from collapsing bubbles in a liquid,
like water [33–35]. These bubbles need to be filled with
noble gas atoms, like nitrogen atoms, which occur natu-
rally in air. Alternatively, the bubbles can be filled with
ions from ionic liquids, molten salts, and concentrated
electrolyte solutions [49]. Moreover, the bubbles need to
be acoustically confined and periodically driven by ultra-
sonic frequencies. As a result, the bubble radius changes
FIG. 5: Schematic view of the time dependence of the bub-
ble radius in a typical single-bubble sonoluminesence experi-
ment. Most of the time, the bubble evolves adiabatically and
exchanges thermal energy with its surroundings. However, at
regular time intervals, the bubble radius suddenly collapses.
At this point, the bubble becomes thermally isolated. When
it reaches its minimum radius, the system usually emits a
strong flash of light in the optical regime.
periodically in time, as illustrated in Fig. 5. The oscilla-
tion of the bubble radius regenerates itself with unusual
precision.
At the beginning of every expansion phase, the bubble
oscillates about its equilibrium radius until it returns to
its fastness. During this process, the bubble temperature
changes adiabatically and there is an exchange of ther-
mal energy between the atoms inside the bubble and the
surrounding liquid. During the collapse phase of a typ-
ical single-bubble sonoluminescence, i.e. when the bub-
ble reaches its minimum radius, its inside becomes ther-
mally isolated from the surrounding environment and the
atomic gas inside the bubble becomes strongly confined.
Usually, a strong light flash occurs at this point which is
accompanied by a sharp increase of the temperature of
the particles. Experiments have shown that increasing
the concentration of atoms inside the bubble increases
the intensity of the emitted light [36, 37].
B. A quantum optics perspective on
sonoluminescence
The above observations suggest many similarities be-
tween sonoluminescence and quantum optics experiments
with trapped atomic particles [30, 31]. When the bub-
ble reaches its minimum radius, an atomic gas becomes
very strongly confined [32]. The quantum character of
the atomic motion can no longer be neglected and, as in
ion trap experiments (cf. Section II A), the presence of
phonons with different trapping frequencies ν has to be
taken into account. Moreover, when the bubble reaches
its minimum radius, its surface can become opaque and
almost metallic [38]. When this happens, the bubble
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FIG. 6: (a) From a quantum optics point of view, one of the main characteristics of sonoluminescence experiments is that
cavitating bubbles provide a very strong confinement for atomic particles. This means, the quantum character of their motional
degrees of freedom has to be taken into account. As in ion trap experiments, we denote the corresponding phonon frequency
in this paper by ν. Moreover, during its collapse phase, the surface of the bubble becomes opaque and confines light, thereby
forming an optical cavity with frequency ωcav and a spontaneous decay rate κ. (b) Even in the absence of external laser
driving, some of the atoms are initially in their excited state |e〉 due to being prepared in a thermal equilibrium state at a finite
temperature T . When returning into their ground state via the creation of a cavity photon which is only possible during the
bubble collapse phase, most likely a phonon is created. This creation of phonons implies heating. Indeed, sonoluminescence
experiments often reach relatively high temperatures [36, 37].
traps light inside and closely resembles an optical cav-
ity which can be characterised by a frequency ωcav and
a spontaneous decay rate κ. Since the confined parti-
cles have atomic dipole moments, they naturally couple
to the quantised electromagnetic field inside the cavity.
The result can be an exchange of energy between atomic
dipoles and the cavity mode. The creation of photons
inside the cavity is always accompanied by a change of
the vibrational states of the atoms. Hence the subse-
quent spontaneous emission of light in the optical regime
results in a permanent change of the temperature of the
atomic particles.
A main difference between sonoluminescence and
cavity-mediated collective laser cooling is the absence
and presence of external laser driving (cf. Section II C).
But even in the absence of external laser driving, there
can be a non-negligible amount of population in the ex-
cited atomic states |e〉. This applies, for example, if the
atomic gas inside the cavitating bubble is initially pre-
pared in the thermal equilibrium state of a finite tem-
perature T . Once surrounded by an optical cavity, as it
occurs during bubble collapse phases, excited atoms can
return into their ground state via the creation of a cavity
photon (cf. Fig. 6). Suddenly, an additional de-excitation
channel has become available to them. As pointed out
in Refs. [30, 31], the creation a cavity photons is more
likely accompanied by the creation of a phonon than the
annihilation of a phonon since
B† =
∞∑
m=0
√
m+ 1 |m+ 1〉〈m| ,
B =
∞∑
m=0
√
m |m− 1〉〈m| . (27)
Here B and B† denote the relevant phonon annihilation
and creation operators, while |m〉 denotes a state with
exactly m phonons. As one can see from Eq. (27), the
normalisation factor of B† |m〉 is slightly larger than the
normalisation factor of the state B |m〉. When the cav-
ity photon is subsequently lost via spontaneous photon
emission, the newly-created phonon remains inside the
bubble. Hence the light emission during bubble collapse
phases is usually accompanied by heating, until the sono-
luminescing bubble reaches an equilibrium.
During each bubble collapse phase, cavitating bubbles
are thermally isolated from their surroundings. However,
during the subsequent expansion phase, system param-
eters change adiabatically and there is a constant ex-
change of thermal energy between atomic gas inside the
bubble and the surrounding liquid (cf. Fig. 5). Eventu-
ally, the atoms reach an equilibrium between heating dur-
ing bubble collapse phases and the loss of energy during
subsequent expansion phases. Experiments have shown
that the atomic gas in side the cavitating bubble can
reaches temperature of the order of 104 K which strongly
supports the hypothesis that there is a very strong cou-
pling between the vibrational and the electronic states of
9the confined particles [36, 37].
C. Cavity-mediated collective laser cooling of
cavitating bubbles
The previous subsection has shown that, during each
collapse phase, the dynamics of the cavitating bubbles
in Fig. 1 is essentially the same as the dynamics of the
experimental setup in Fig. 3 but with the single atom
replaced by an atomic gas. When the bubble reaches its
minimum diameter dmin, it forms an optical cavity which
supports a discrete set of frequencies ωcav,
ωcav = j × pic
dmin
, (28)
where c denotes the speed of light in air and j = 1, 2, ...
is an integer. As illustrated in Fig. 7, the case j = 1
corresponds to a cavity photon wavelength λcav = 2dmin.
Moreover, j = 2 corresponds to λcav = dmin and so on.
Under realistic conditions, the cavitating bubbles are not
all of the same size which is why every j is usually asso-
ciated with a range of frequencies ωcav (cf. Fig. 7). Here
we are especially interested in the parameter j, where the
relevant cavity frequencies lie in the optical regime. All
other parameters j can be neglected, once a laser field
with an optical frequency ωL is applied, if neighbouring
frequency bands are sufficiently detuned.
In addition we know that the phonon frequency ν of
the collective phonon mode B assumes its maximum νmax
during the bubble collapse phase. Suppose the cavity
detuning ∆cav = ωL − ωcav of the applied laser field is
chosen such that
∆cav ∼ νmax and νmax ≥ κ , (29)
in analogy to Eq. (2). As we have seen in Section II C,
in this case, the two-step transition which results in the
simultaneous annihilation of a phonon and the creation
of a cavity photon becomes resonant and dominates the
system dynamics. If the creation of a cavity photon is
followed by a spontaneous emission, the previously an-
nihilated phonon cannot be restored and is permanently
lost. Overall, we expect this cooling process to be very
efficient, since the atoms are strongly confined and cavity
cooling rates are collectively enhanced (c.f. Eq. (17)).
In order to cool not only very tiny but larger vol-
umes, the experimental setup in Fig. 1 should contain
a relatively large number of cavitating bubbles. Depend-
ing on the quality of the applied transducer, the mini-
mum diameters dmin of these bubbles might vary in size.
Consequently, the collection of bubbles supports a finite
range of cavity frequencies ωcav (cf. Fig. 7) so that it
becomes impossible to realise the ideal cooling condition
∆cav ∼ νmax in Eq. (29) for all bubbles. However, as long
as the frequency ωL of the cooling laser is smaller than all
optical cavity frequencies ωcav, the system dynamics will
be dominated by cooling and not by heating. In general,
j=3
πc ⁄dmin
dmin=λcav
j=1
j=2
j=3
dmin=3 ⁄ 2λcav
dmin=λcav ⁄ 2
ωL 
2πc ⁄dmin
3πc ⁄dmin
ωcav 
FIG. 7: When the cavitating bubbles inside the liquid reach
their minimum diameters dmin, their walls become opaque and
trap light on the inside. To a very good approximation, they
form cavities which can be described by spontaneous decay
rates κ and by cavity frequencies ωcav (cf. Eq. (28)). Sup-
pose the diameters of the bubbles inside the liquid occupy
a relatively small range of values. Then every integer num-
ber j in Eq. (28) corresponds to a relatively narrow range of
cavity frequencies ωcav. Here we are especially interested in
the parameter j for which the ωcav’s lie in the optical regime.
When this applies, we can apply a cooling laser with an op-
tical frequency ωL which can cool the atoms in all bubbles.
Some bubbles will be cooled more efficiently than others. But
as long as the relevant frequency bands are relatively narrow,
none of the bubbles will be heated.
it is important that the diameters of the bubbles does
not vary by too much.
Section II C also shows that cavity-mediated collective
laser cooling only removes thermal energy from a sin-
gle collective vibrational mode B of the atoms. Once
this mode is depleted, the cooling process stops. To effi-
ciently cool an entire atomic gas, a mechanism is needed
which rapidly re-distributes energy between different vi-
brational degrees of freedom, for example, via thermali-
sation based on elastic collisions (cf. Section III). As we
have seen above, between cooling stages, cavitating bub-
bles evolve essentially adiabatically and the atoms expe-
rience strong collisions. In other words, the expansion
phase of cavitating bubbles automatically implements
the intermittent thermalisation stages of cavity-mediated
collective laser cooling.
Finally, let us point out that it does not matter,
whether the cooling laser is turned on or off during ther-
malisation stages, i.e. during bubble expansion phases.
As long as optical cavities only form during the bub-
ble collapse phases, the above described conversion of
heat into light only happens, when the bubble reaches its
minimum diameter.The reason for this is that noble gas
atoms, like nitrogen, have very large transition frequen-
cies ω0. The direct laser excitation of atomic particles is
therefore relatively unlikely, even when the cooling laser
is turned on. If we could excite the atoms directly by
laser driving, we could cool them even more efficiently
(cf. Section II A).
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D. Cooling of the surroundings via heat transfer
The purpose of the heat exchanger which we propose
here is to constantly remove thermal energy from the
liquid surrounding the cavitating bubbles and device on
which the liquid is placed (cf. Fig. 1). As described in
the previous subsection, the atomic gas inside the bub-
bles is cooled by very rapidly converting heat into light
during each collapse phase. Inbetween collapse phases,
the cavitating bubbles evolve adiabatically and naturally
cool their immediate environment via heat transfer. As
illustrated in Fig. 8, alternating cooling and thermalisa-
tion stages (or collapse and expansion phases) is expected
to implement a quantum heat exchanger which does not
require the actual transport of particles from one place
to another.
Finally, let us have a closer look at achievable cooling
rates for micro and nanotechnology devices with length
dimensions in the nano and micrometer regime. Unfor-
tunately, we do not know how rapidly heat can be trans-
ferred from the nanotechnology device to the liquid and
from there to the atomic gas inside the cavitating bub-
bles. However, any thermal energy which is taken from
the atoms comes eventually from the environment which
we aim to cool. Suppose the relevant phonon frequen-
cies νmax are sufficiently large to ensure that every emit-
ted photon indicates the loss of one phonon, i.e. the loss
of one energy quantum ~νmax. Moreover, suppose our
quantum heat exchanger contains a certain amount of
liquid, let us say water, of mass mwater and heat capacity
cwater(T ) at an initial temperature T0. Then we can ask
the question, how many photons Nphotons do we need to
create in order to cool the water by a certain temperature
∆T?
From thermodynamics, we know that the change in the
thermal energy of the water equals
∆Q = cwater(T0)mwater∆T (30)
in this case. Moreover, we know that
∆Q = Nphotons ~νmax . (31)
Hence the number of photons that needs to be produced
is given by
Nphotons =
cwater(T0)mwater ∆T
~νmax
. (32)
The time tcool it would take to create this number of
photons equals
tcool =
Nphotons
Natoms I
, (33)
where I denotes the average single-atom photon emission
rate and Natoms is the number of atoms involved in the
cooling process. When combining the above equations,
we find that the cooling rate γcool = tcool/∆T of the
proposed cooling process equals
γcool =
cwater(T )mwater
Natoms I ~νmax
(34)
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FIG. 8: Schematic view of the expected dynamics of the
temperature of a confined atomic gas during bubble collapse
stages (blue) and expansion stages (pink). During expansion
stages, heat is transferred from the outside into the inside of
the bubble, thereby increasing the temperature of the atoms.
During bubble collapse stages, heat is converted into light,
thereby resulting in the cooling of the system in Fig. 1. Even-
tually, both processes balance each other out and the tem-
perature of the system remains constant on a coarse grained
time scale.
to a very good approximations.
As an example, suppose we want to cool one cubic
micrometer of water (Vwater = 1µm
3) at room temper-
ature (T0 = 20
0C). In this case, mwater = 10
−15 g and
cwater(T0) = 4.18 J/gK to a very good approximation.
Suppose ν = 100 MHz (a typical frequency in ion trap
experiments is ν = 10 MHz), I = 106/s and Natoms = 10
8
(a typical bubble in single bubble sonoluminescence con-
tains about 108 atoms). Substituting these numbers into
Eq. (33) yields a cooling rate of
γcool = 3.81 ms/K . (35)
Achieving cooling rates of the order of Kelvin tempera-
tures per millisecond seems therefore experimentally fea-
sible. As one can see from Eq. (33), to reduce cooling
rates further, one can either reduce the volume that re-
quires cooling, increase the number of atoms involved in
the cooling process or increase the trapping frequency
νmax of the atomic gas inside collapsing bubbles. All of
this is, at least in principle, possible.
V. CONCLUSIONS
In this paper we point out similarities between quan-
tum optics experiments with strongly confined atomic
particles and single bubble sonoluminescence experi-
ments [30, 31]. In both situations, interactions are
present which can be used to convert thermal energy very
efficiently into light. When applying an external cooling
laser to cavitating bubbles, as illustrated in Fig. 1, we
therefore expect a rapid transfer of heat into light which
can eventually result in the cooling of relatively small
devices. Our estimates show that it might be possible
11
to achieve cooling rates of the order of milliseconds per
Kelvin temperature for cubic micrometers of water. The
proposed quantum heat exchanger is expected to find ap-
plications in research experiments and in micro and nan-
otechnology. A closely related cooling technique, namely
laser cooling of individually trapped ions, already has a
wide range of applications in quantum technology [10–
17].
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